Abstract. One of the greatest remaining problems in modern volcanology is the process by which volcanic eruptions are triggered. It is generally accepted that eruptions are preceded by magma intrusion [Sigurdsson and Sparks, 1978] . The degree of interaction between previously ponded magma in a chamber and newly intruded magma determines the nature and rate of eruption and also the chemistry of erupted lavas and shallow dykes. Here, we investigate the physics of this interaction. Volcano monitoring at its most effective is a synergy between basic science and risk assessment, while hazard mitigation depends on reliable interpretation of eruption precursors. The simple and much used Mogi model relates ground deformation (∆h) to changes in magma chamber volume. Gravity changes (∆g) combined with ground deformation provide information on magma chamber mass changes. Our new models predict how the ∆g/∆h gradient will evolve as a volcano develops from a state of dormancy through unrest into a state of explosive activity. Thus by simultaneous measurement of deformation and gravity at a few key stations, magma chamber processes can be identified prior to the onset of conventional eruption precursors.
Introduction
Conventional (high-precision) micro-gravity monitoring at active volcanoes is used to identify shallow processes within the feeder conduit using repeated ∆g and ∆h measurements at a network of stations in and around the active crater or caldera [Rymer, 1994; Rymer et al., 1998a,b] . There are obvious risks associated with this practice and recent high profile cases of volcanologists being killed emphasise this point [Baxter and Gresham, 1997; Fujii and Nakada, 1999] . Monitoring volcanoes from a safe distance can entail reduced signal strength in the data. Other eruption pre-cursors such as tremors, gas flux/chemistry and temperature fluctuations reflect relatively shallow processes which are a source of noise in ∆g/∆h data in the active vent region. Processes within the magma chamber, which occur months or years before conventional pre-cursors, are interpreted here from ∆g/∆h data which may be obtained at some distance from the active vent, where the signal to noise ratio is enhanced. Hazard mitigation is thus greatly facilitated by the additional time afforded.
Observations
Ground deformation measurements have long been used to monitor active volcanoes . The volume of surface deformation (the change in edifice volume ∆Ve; Figure 1 ) can be estimated from ground deformation measurements simply by integrating the observed height changes over the area of deformation. The Mogi [Mogi, 1958] model relates ∆Ve to the change in sub-surface magma chamber volume (∆Vch) assuming the country rocks to behave elastically and the magma chamber to behave as though it is a spherical pressure source whose depth is large compared with its radius. Without any other information, ground deformation provides no indication of the processes taking place inside the magma chamber. Variations in the acceleration due to gravity can also be monitored on active volcanoes and by integrating over the area of variations, the change in sub-surface magma mass (∆Mm) can be quantified [Berrino et al., 1992] . Simultaneous gravity and deformation measurements provide an estimate of ∆Mm and ∆Vch so changes in the average density of the magma chamber may be deduced, providing insights into the process of vesiculation (density decrease) or crystallisation (density increase).
Deviations from the free air gradient (FAG) are due to subsurface mass changes (Figure 2 ). When the density of the magma chamber is taken into account, the Bouguer corrected free air gradient (BCFAG) can be calculated. The value of the BCFAG depends on the model used -spherical source or slab [Berrino et al., 1992; Rymer et al., 1995] . Data plotting above the BCFAG on a ∆g/∆h graph ( Figure 2 ) reflect density increases whereas data plotting below the BCFAG reflect density decreases. There is an interesting area between the FAG and the BCFAG where during inflation there are mass increases and density decreases and this is crucial to understanding the physics of magma chamber processes and the detection of eruption pre precursors.
Discussion
Micro-gravity and ground deformation surveys are frequently carried out in the region of maximum uplift, central to the volcanic region (zone A, Figure 1 ), in order to investigate relatively shallow sub surface processes. However sensitive instrumentation can detect the small off axis variations away from the active region (zone B, Figure 1 ). The advantage of making observations off axis is that the signal to noise ratio in the data is considerably increased as shallow volcanic effects within the edifice (vesiculation cycles within the feeder conduit, fracturing etc.; Rymer et al. [1998b] ) are reduced. Another potential source of uncertainty is the variation in groundwater levels. The effects of water table fluctuations can be minimised by measuring gravity at stations located on crystalline bedrock [Jachens and Roberts, 1985] while seasonal variations in groundwater can be reduced by making measurements at approximately the same time every year [Rymer et al. 1995; Arnet et al., 1997] . It is therefore possible to detect subtle changes within a Mogi-type magma chamber of 10 11 kg to 10 12 kg at 2-5 km depth at up to 3.5 km and 10 km horizontal distance, respectively. Although, the Mogi model represents an oversimplified magma chamber, many published geophysical data are consistent with this type of source [Berrino et al., 1992; Arnet et al., 1997; Avallone et al., 1999] . Here we present two end member models that illustrate how, by observing density changes within the magma chamber, the hazard potential of a volcanic system can be determined.
Intruding magma with a relatively low Reynolds number (low velocity, high viscosity), as illustrated in model 1 (Figure 3) , will interact very little with the chamber magma. There will be an overall mass increase in the system, which would be measurable at the surface as a gravity increase. The intrusion would produce some ground deformation and the ∆g/∆h gradient would fall into region 1 or along the BCFAG (Figure 2 ) indicating an overall increase in density (region 1) or no density change (BCFAG) within the magma chamber. Constant or increasing density within a magma chamber is indicative of a low potential hazard system, as magma is not able to rise. In a closed system, the chamber will eventually stagnate, but if magma pressure exceeds the local lithostatic pressure, dykes may form which can in some cases eventually feed lava eruptions.
Model 2 assumes an intruding magma with a high Reynolds number which will interact with the chamber magma, heating it and inducing vesiculation ( Figure 3 ). This results in a net subsurface mass increase and density decrease observable at the surface as a ∆g/∆h relationship falling into region 2, between the FAG and BCFAG (Figure 2 ). In this case, the interaction [Sparks et al., 1981] between the intruding magma and the older magma is critically, more pervasive than in model 1. Magma mixing and mingling will cause significant bubble formation. The build up of gas pressure within a magma chamber is an essential precursor to eruptive activity [Woods and Koyaguchi, 1994] and has considerable hazard implications.
We infer from these models that as a volcano develops from a state of dormancy through unrest into eruptive activity, that the ∆g/∆h gradient will evolve away from the BCFAG towards the FAG. The application of this to hazard warning is as follows. As the gradient varies from region 1 towards the BCFAG, the density of the magma chamber decreases ( Figure  2 ). This would be a result of reduced crystallisation and increased buoyant melt and vesicle content. Once the BCFAG is crossed, the density of the magma chamber has decreased below the previous average value of the chamber and the system becomes unstable. It is at this stage that the magma will be able to rise. If there is limited heating, then magma convection within the chamber (recently linked with pulses of activity at the surface [Kazahaya et al., 1994] ) will follow, but with excess heating, as gas pressure increases, the likelihood of an eruption increases [Woods and Koyaguchi, 1994] .
Conclusions
Target areas are calderas in a state of unrest and large composite volcanoes. An open magmatic system is one that displays persistent surface manifestations ranging from a stable lava lake to explosive eruptions and vigorous fumarolic activity. At these systems measurements made in region A (Figure 1 ) will be dominated by shallow processes. In order to investigate processes within a Mogi-type source and to increase the signal to noise ratio from this source, measurements must be made in region B. A closed system on the other hand, has little or no surface activity and therefore ∆g/∆h gradient measurements may be made safely in both regions A and B. A prime example of a closed system is the Campi Flegrei caldera (Naples, Italy) which was characterised by a bradyseismic crisis in the early 1980s. The average ∆g/∆h gradient (-213 ± 6 µGal m -1 ) during inflation, measured at stations in regions A and B, fell into region 1 (Figure 2 ). As our model predicts, there was no eruption. Indeed, as data in Berrino [1994] show, the gradient actually evolved (February 1981 to March 1983 from the BCFAG towards the horizontal axis, well within region 1 (Figure 2 ). This episode was interpreted in terms of intrusion into a magma chamber [Berrino et al., 1984] or mobilisation of the hydrothermal system [Bonafede, 1991] . Our model predicts that if the ∆g/∆h gradient steepens beyond -220 µGal m -1 during inflation an eruption will follow (Table 1) . Given the considerable history of caldera unrest at Campi Flegrei and the increasing population of the region, there is a vital need to distinguish between magma chamber processes such as those presented here in models 1 and 2 (Figure 3) .
Data from Campi Flegrei, Rabaul and Long Valley all fall into region 1 of our model (Table 1) . This is consistent with the fact that no eruption occurred at these sites. The Krafla data on the other hand fall within region 2 and are consistent with the eruption that followed. The actual value of the BCFAG will depend on the FAG, the Bouguer anomaly and the density of the intrusion [Rymer, 1994] . However even if the theoretical values for the FAG (-308 µGal m -1 ) and the BCFAG (-233 µGal m -1 for a density of 2700 kg m -1 ) are used, the data from all the published examples still fall into the same regions.
Simultaneous measurements of deformation and gravity at a few key stations may therefore be used to identify magma chamber processes prior to the onset of conventional eruption precursors. The method is expected to find greatest application in regions where a Mogi type chamber is located at 2-5 km depth, where the magma system is essentially closed and where early hazard warning is essential. Figure 1 . To a first approximation, a magma reservoir can be modelled as a spherical body. If the depth is large compared with its radius, the gravitational effect is that of a point source. The essence of the Mogi model is that dilation of a point source in an elastic half space causes deformation at the surface, which will depend on the amount of dilation and the elastic properties of the medium. By inserting measured or estimated values for the elastic properties of the surrounding rock, the amount of ground deformation measured at the surface by techniques such as GPS, SAR interferometry, altimetry or levelling, can therefore be used to estimate the change in sub-surface magma reservoir volume (∆Vch). The largest ground deformation changes are observed in zone A, but measurable effects are also seen in distal zones such as B. Gravity measurements may also be made at these points and when combined with ground deformation measurements, this is an extremely powerful method for investigating sub-surface density changes. Quantifying the magnitude and rate of these changes provides a means to detect eruption precursors within the magma chamber, before the magma begins it's journey through conduits to the surface, thus affording more time for hazard mitigation and evacuation. During periods of inflation, increasing elevation (∆h) is accompanied by decreasing gravity (negative ∆g), described by the BCFAG. For the Mogi model and for an infinite Bouguer slab, the relationship is linear. For other models (e.g., dyke, sill etc.), the relationship is not linear, but ∆g/∆h data will fall between the BCFAG lines for these two end member models. The actual gradient of the BCFAG will depend on the density assumed for the surrounding rock. It ranges from -224 µGal m -1 to -252 µGal m -1 for a density of 2000 kg m -3 and -113 µGal m -1 to -233 µGal m -1 for a density of 2700 kg m -3 for the slab and sphere models respectively. The free air gradient (FAG) is typically -308.6 µGal m -1 , but may vary by about 10% depending on the local terrain and Bouguer anomaly [Rymer, 1994] . Thus the BCFAG is model dependent and the FAG should always be measured. Region 1 represents anomalously large gravity increases accompanying inflation and could be interpreted in terms of magma intrusion increasing the average density of the magma chamber. Data falling into region 2 reflect density decrease and Mogi Source B mass increase during inflation (and volume increase) which we interpret in terms of the build up of gas within the magma chamber -the most likely trigger process for an eruption. Data falling close to the ∆g line reflect shallow processes such as magma and gas fluctuations within the feeder conduit or may not even be of immediate volcanological interest (e.g., water table level excursions). Figure 3 . A. Model 1 depicts a low Reynolds number magma (relatively low velocity and high viscosity) entering a magma chamber and not interacting significantly with the surrounding magma. B. Model 2 has the same magma mass influx as model 1, but the Reynolds number is higher. In this case, the magma interacts with the surrounding magma, heating it, and causing vesiculation and expansion of the chamber. In model 1 the ∆g/∆h gradient will fall into region 1 of Figure 2 ; in model 2, the gradient will fall into region 2 of Figure 2 . 
